To verify the reliability of the directivity calculation of the antenna and the dielectric waveguides based on Huygens principle, we simulated the directivity of some of the studied structures in CST Microwave Studio, obtaining a good agreement between both methods. The simulation and optimization of the response of the designed antennas and directors was also performed using CST Microwave Studio. This includes the calculation of electromagnetic fields (from which the directivity can be obtained with the Huygens method) and the antenna total efficiency and reflectance. Finally, this commercial suite was also employed to obtain some of the results related to the beam steering and sensing applications. In all simulations, CST's time domain solver and a hexahedral mesh were used. Standard waveguide ports were set up at the input and output facets to simulate infinitely long waveguides. The input ports were configured to excite the fundamental TE mode of the feeding waveguides, while the output ones collect the power transmitted to the corresponding output waveguides. The rest of the computational domain was terminated by perfectly matched layers (open boundaries) to avoid undesirable reflections (see Figure S1 ). 
Numerical simulations
To verify the reliability of the directivity calculation of the antenna and the dielectric waveguides based on Huygens principle, we simulated the directivity of some of the studied structures in CST Microwave Studio, obtaining a good agreement between both methods. The simulation and optimization of the response of the designed antennas and directors was also performed using CST Microwave Studio. This includes the calculation of electromagnetic fields (from which the directivity can be obtained with the Huygens method) and the antenna total efficiency and reflectance. Finally, this commercial suite was also employed to obtain some of the results related to the beam steering and sensing applications. In all simulations, CST's time domain solver and a hexahedral mesh were used. Standard waveguide ports were set up at the input and output facets to simulate infinitely long waveguides. The input ports were configured to excite the fundamental TE mode of the feeding waveguides, while the output ones collect the power transmitted to the corresponding output waveguides. The rest of the computational domain was terminated by perfectly matched layers (open boundaries) to avoid undesirable reflections (see Figure S1 ). Figure S2 shows a scheme of the set-up employed for the experiment on data transmission. Measurements were carried out using a commercial LiNiBO3 modulator fed with a 40 Gbit s -1 non-return to zero (NRZ) pseudo-random bit sequence (PRBS 2 31 -1) delivered by a bit pattern generator (SHF BPG 44E). The electrical signal was amplified through a broad bandwidth driver amplifier (DC to 40 GHz) to achieve a voltage swing of ~5 Vpp and combined to a 1.7 V DC offset to ensure the modulator is biased at quadrature. The input Gbit·s -1 modulated signal was then coupled in and out the silicon chip (DUT) via grating couplers, with typical insertion losses below 9 dB at λ = 1550 nm (see Figure S3 ). In addition, silicon tapers were employed to couple light from the grating to standard 450 nm-wide strip waveguides and vice versa. These elements add an almost negligible penalty (as compared to the rest of the system) lower than 0.5 dB. The signal transmitted through the link was photodetected by a 40 GHz Digital Communication Analyser (Infiniium DCA-J 86100C).The bit-error rate was then measured by means of a 75 GHz photodiode connected to the Error Analyser (SHF EA 44) and evaluated as a function of decreasing optical power received at the photodetector. Four distributed feedback lasers (DFB) centred at the ITU wavelengths ranging from 1548.51 nm (CH 36) to 1550.92 (CH 33) were employed to inject light up to 160 Gbit·s 1 in the modulator. Note that it was not possible to carry out a data transmission performance at higher rates (we are able to modulate up to 40 Gbit s -1 with a single laser) due to the number of DFB lasers available in the laboratory. Experimental eye diagrams [pattern formed by an oscilloscope, which consists of repetitively sampled superimposed random digital data transitions ("0" to "1" and "1" to "0") produced by a given device] were retrieved for both data transmission rates ( Figure S3 ). It is worth mentioning that to obtain the results in Figure 4a , an external cavity tuneable laser (ECL) with a launch power of 1 mW (0 dBm) was used to measure the experimental performance of the wireless links. By means of the ECL we are able to scan frequencies that are not available with the use of DFB lasers as a result of their lack of tuneability. To conclude, it is worth mentioning that there appears a low-amplitude ripple in the measurements of Figure 4 . This kind of oscillation typically arises as a result of the cavity formed between the output fiber-grating coupler interface and another point in the device. Although reflections at the receiving antenna are very low, this is probably the other end of the cavity, since the periodicity or free spectral range (FSR) of the measured oscillations (~0.5 nm) agrees with the theoretical FSR = /(2 ) of a cavity with the same length as that between the antenna and the grating (1050 µm), assuming an overall group index = 2.305 (equal to that of a strip waveguide at = 1550 nm).
Modulation setup and data transmission measurements
Calculation of the switching power and the switching power of the beam steering device
In order to measure the switching power, usually defined as the power required to produce a phase shift of under DC conditions, we fabricated a Mach-Zehnder Interferometer (MZI) with a nanoheater (identical to those employed in the reconfigurable beam steering device) placed over one of the MZI arms. As shown in Figure S4 , this parameter was found to be 8.3 mW. The reconfigurable beam steering device requires three simultaneous active heaters and the total power needed to aim the beam at any of the side antennas was approximately twice the MZI switching power. Regarding switching time, we estimated the MZI rise (10% to 90% of the output optical power) and fall (90% to 10%) times by applying a 33 KHz RF square wave voltage signal to the heater. We employed a BK 3011B source to produce the RF signal and a Rigol DG1000Z oscilloscope to monitor the MZI output power. It is worth mentioning that special RF probes are required to drive the heaters in this case. The measured rise and fall times were 5.2 µs and 1.5 µs, respectively (see Figure S4) , with an extinction ratio of 17 dB. Note that we could not directly measure these values on the beam steering device, as we do not have enough RF probes available in our laboratory to drive all the heaters simultaneously. In any case, the beam steering device time response is expected to be very similar to that of the MZI. As mentioned in the main text, the measured values of both switching power and time are considerably low, yielding a very good figure of merit of 43.16 mW·µs, which is in line with current state of the art [1] [2] [3] [4] . 
Directivity calculation using Huygens method
According to the field equivalence or Huygens principle, the radiated fields outside a closed surface S surrounding all electromagnetic sources can be obtained from the knowledge of the field tangential components on that surface 5 . In particular, the fields outside this surface are the same as the ones produced by the following electric and magnetic current densities
where E and H are the electric and magnetic fields over the surface S with normal n (see Figure S5 ). We are mainly interested in the far-field radiated power, which is proportional to the radiation intensity ( , ) (the power radiated from an antenna per unit solid angle in a given direction
from which the radiation pattern and directivity ( , ) associated with J and M can be readily obtained (η is the background medium impedance), where ( , ) is defined as the ratio of the radiation intensity in a given direction from the antenna to the radiation intensity averaged over all directions (note that, by definition, = /4 π, being the total power radiated by the antenna) Using the previous equations we can calculate the radiation vectors associated with the fields at the waveguide output plane and hence the corresponding radiation pattern. It is worth mentioning that the directivity of more complex structures with variable transverse dimensions, such as the designed inverted-taper antenna, can be obtained with the Huygens method as well. On the other hand, note that the homogeneous SiO2 matrix in which the fabricated antennas are embedded has upper and lower bounds. Specifically, its top and bottom interfaces are in contact with air and the Si layer of the SOI wafer, respectively (see Figure S6) . Therefore, the secondary rays reflected at these interfaces that reach the receiving antenna might become important. To account for this effect, we calculated the theoretical contribution of these rays using the angle-dependent antenna directivity and the Fresnel reflection coefficients at both interfaces. This results in an additional correction factor for the power efficiency. We chose a value of the SiO2 uppercladding thickness tUP such that the combined contribution of both reflected rays is almost negligible. However, note that we could engineer tUP so as to use these reflections to our advantage and increase the received power. Finally, we would like to remark that the electromagnetic field at the antenna output surface is mainly concentrated on the SiO2 core and almost vanishes at the claddings. Consequently, as a very good approximation, the directivity can be calculated from this field assuming that the antenna is embedded in an infinite SiO2 background. 
Design and impact of antenna directors
Trying to mimic the behavior of antenna directors from radiofrequency and microwaves, we studied the possibility of placing different planar structures in front of the invertedtaper antenna to further improve the final directivity, without compromising the overall size. Inspired by previous works on metallic antennas 7,8,9,10 we studied the effect of using a piece of slot dielectric waveguide as a director for the final inverted-taper antenna designed previously (see Figure S7 ). As mentioned in the main text, since the director electromagnetic response cannot be addressed analytically, its dimensions were optimized numerically. Given the high number of variables, a multi-parametric analysis is not feasible, so we applied a sequential procedure, optimizing one variable at a time. Regarding the separation between both director strips sD, a very high value will clearly produce no effect, while a too small separation results in a field scattering in undesired directions ( Figure S7a) . A value of sD = 0.34 µm provided the best results in the final configuration ( Figure S7b ). As for wD (strip width), while very narrow strips hardly enhance the directivity (Figure S7c) , large values generate strong discontinuities and make the field to concentrate in the strips ( Figure S7d ). However, we found that the best results are obtained when the field is concentrated on the slot. A good trade-off was obtained for wD = 0.18 µm. In our analysis, we found the director length lD to be a key design parameter. This can be clearly observed in Figure S7e , where the directivity of the antenna + director configuration is depicted as a function of this parameter. As expected, we verified that, as lD grows, the system directivity converges to the directivity of an infinite slot waveguide with the dimensions of the director (55 in the studied case), while for very small values of lD, the directivity is mainly that of the inverted-taper antenna (around 50). However, there is a given length lDopt in between (approximately 6 µm in this case) for which the system reaches an optimum directivity value higher than 80. This result establishes an important design rule to fix the director length. Aimed at further improving the directivity without increasing the director size, we finally considered the effect of splitting the slot director into several pieces, as in the arrangement of directors in Yagi-Uda antennas. Specifically, we studied a two-cut configuration in which the length of director pieces lDP and cuts lDC was optimized, setting a maximum overall length equal to lDopt. In the final design with lDP = lDC ≈ 1 µm, the introduction of the cuts increases the total directivity (see Figure 3 in the main text).
Additionally, we have also carried out a study on the impact in the final directivity that single strip waveguide segments would yield when acting as directors. Once again, we have followed a sequential procedure in the optimizations. In particular, we have considered two and three-segment configurations (with no gap between the tapered waveguide and the first segment). We have fixed a maximum overall directors length of 5 µm. The better directivity results were obtained for lDP ≈ lDC ≈ 1 µm (as in the slot case) and narrow strip directors with wD = 0.1 µm (due to fabrication constraints, we did not consider lower widths), being very similar for both configurations (the three-segment configuration provided an improvement of less than 5% over the two-segment one). For instance, with a 3-segment arrangement, the slot configuration renders a directivity 1.4 times higher than the one produced with a strip scheme (114 versus 82). This justifies the use of the slot configuration for the directors. The influence of wD in a 3-segment arrangement is shown in Figure S8 for a lDP ≈ lDC ≈ 1 µm configuration. In the opposite side, for high values of wD, the fields concentrate on the strips instead of on the slot, resulting again in undesired high radiation intensity for off-angle directions. An optimum performance was found to occur for wD= 0.18 µm. e, Influence of lD. The maximum directivity is depicted as a function of lD for the optimum configuration (sD = 0.34 µm, wD = 0.18 µm). There is an optimal director length lDopt that maximizes the directivity. The green circle depicts the directivity of the bare tapered antenna (with no directors). 
Design of the reconfigurable beam steering device
From classical antenna theory 5 , we know that the field radiated by an antenna array is the product of the field radiated by a single antenna and the so-called array factor AF( , ). Thus, the directivity of the array is
According to the definition of directivity:
For an N-element linear array of equally-spaced identical antennas placed along the z axis in which all of them have uniform amplitude with a progressive phase delay between adjacent antennas, the array factor is given by
where dA is the distance between adjacent antennas and k is the wavenumber of the radiated medium. In this case, ( , ) = ( ) shows a maximum in the direction , which is related to the progressive phase delay by
As mentioned in the main text, for our experiments we used a four-element array (dA = 1.65 µm) made up of inverted-taper antennas with no directors to steer the beam in a 30º range. The calculated directivity of a single antenna in the XZ plane is shown in Figure S9a . In addition, using the previous formulas, we calculated the radiation diagrams of the array factor ( Figure S9b ) and of the complete array ( Figure S9c) for the values of associated with = 75º ( = -143º) and = 105º ( = 143º), as obtained from Eq. (2) . Note that, in practice, the actual direction in which the total directivity of the array reaches its maximum for a given value of usually deviates from the value of used in Eq. (2), since the direction of maximum radiated intensity of the array factor is modified by the radiation diagram of a single antenna. To correct this deviation, we performed full-wave simulations to calculate the total directivity of the array, taking into account the influence of the substrate and the top SiO2 layer, as well as the interaction between antennas. As a result, we found that the actual values of that yield a maximum radiation intensity in the directions = 75º and = 105º are = -158º and = -158º, respectively. Finally, the theoretical total array gain was obtained by multiplying the directivity by the total antenna efficiency retrieved from the simulations. In Figures S9d-f we compare this theoretical gain with the measured one for the three values of (0, -158º and 158º), finding an excellent agreement. 
Beam Focusing
Two-dimensionally focused spots at a certain focal point ( , ) can be created by setting a hyperbolic phase profile given by the formula
where is the phase of the i-th antenna [located at ( , )] and is a constant that does not alter the focusing effect and that is usually taken to be = = ( + ) / .
Supplementary movie legend
'Movie.mpg' shows a proof of operation of the proposed integrated flow cytometer. We can simultaneously see how 2-µm polystyrene microspheres flow through the microfluidic channel and how they produce a peak/dip in the scattered field power collected by two receiving antennas at 45º and 60º as they pass through the optical system located at the middle of the channel (indicated by the vertical line). It is worth mentioning that this video was recorded with a preliminary version of the cytometer, which included two receiving antennas. For simplicity, the final manuscript version consists of a single receiving antenna at 60º (there is another antenna placed at 90º for alignment/calibration purposes).
